Abstract -It is well known that the data rate of bandlimited signals can be reduced without loss of information. One scheme which achieves this goal is the so-called nonuniform decimation. Recent results show that a bandlimited signal can be reconstructed from a nonuniformly decimated version. Theoretical results and efficient reconstruction methods have been addressed for one-dimensional signals. For the multidimensional case, some partial results are known. In this paper, we will discuss in detail the theory and implementation of the reconstruction of generalizedbandlimited multidimensional signals from their nonuniformly decimated versions.
INTRODUCTION
For discrete-time bandlimited signals, the data rate can be reduced without losing any information. The reason of this can be traced back to the fundamental sampling theorem of Shannon and its various extensions [l] . One of the schemes that achieve such reduction is the uniform rational decimation polyphase components of z(n) are retained and transmitted to the synthesis end, where M = IdetMt. We want to find synthesis filters F k ( 0 ) such that z(n) is perfectly reconstructed, i.e., P(n) = s(n). One main advantage of this data compression scheme is that the compression part is very simple and all the arithmetic operations are only in the reconstruction part. For the onedimensional(1D) case, is has been shown that perfect reconstruction is possible if . To extend 1D existing results to the general MD case, one has to generalize the idea of 'bandlimitedness' first. In this paper, we will discuss this in detail. We will first present an example which shows the feasibility of MD nonuniform decimation and reconstruction.
Then, we discuss the design of synthesis filters for the general case. We will also address the conditions that determine the feasibility of perfect reconstruction and the efficient implementation of synthesis filters.
Notations and Preliminaries: In this paper, we use the same notations as in [9], [lo] . Refer to [9], [lo] for basic concepts of MD multirate systems. In particular, if an MD signal z(n) is decimated by M and then expanded by M to produce the signal y(n), the corresponding frequency domain relation is It is interesting to note that we get the same expressions for both Ro and R2. Noticing that e-joTnl =
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We shall start with the 2D example where (2) -1, we obtain which defines the so-called hexagonal decimation. Corresponding to this M, the alias offsets are
2]
* (3) With respect to this M, the frequency domain can be partitioned into four regions Ri, with each Ri being a hexagon centered at one alias frequency ai, as in Fig. 2 . Note that the Fourier transform of an MD signal is periodic in each dimension with period 21r. Suppose that the spectrum X ( w ) of an MD signal is bandlimited in regions and 7 2 2 . We now show that by keeping only 2 out of every 4 samples of z(n), we can recover the whole signal z(n).
Let us keep only two coset members s(Mn) and z(Mn-[l 1IT), as shown in Fig. 3 . In other words, two out of four polyphase components [9], [lo] 
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When o E Rz, we get 
(8)
Since Fo( U) and Fl(o) are zero for o E 7 2 1 U R 3 , the resulting nonuniform decimation and reconstruction system can be implemented as in Fig. 4 , where HL(o) is a lowpass filter having passband support exactly the same as the support of X(o). In other words, to reconstruct z(n), we only have to pass the nonuniform decimated version of z(n) through the lowpass filter We use the 'Lenna' image to test this system. We prefilter the image such that it is bandlimited in 720 U R2. The 'bandlimited Lema' is shown in Fig. 5(a) .
Using the system in Fig. 4 , we obtain the 'reconstructed Lema' in Fig. 5(b) . The resulting signal to noise ratio is 43.8 dB. Note that the reconstruction error is due to the fact that HL(o) is not an ideal filter. Theoretically speaking, the original bandlimited would be perfectly reconstructed if HL(o) were ideal.
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MORE GENERAL RESULTS
Consider the general MD nonuniform decimation and reconstruction system shown in Fig. 1 
EFFICIENT RECONSTRUCTION
For the 1D case, it has been shown the reconstruction filters can be obtained at the cost of one M-th band lowpass filter and a constant matrix multiplier [6] . We extended this to the MD case.
Assume that the MD frequency domain is partitioned as described in the previous section. Consider a multilevel MD filter F ( o ) which has complex value pi in the region Ri, 0 5 i 5 L -1, and zero otherwise.
In this paper, we have discussed the nonuniform decimation and reconstruction of generalized-bandlimited MD signals. We presented an example which shows the feasibility of reconstructing an MD signal from its nonuniformly decimated version. Then, we extended this idea to the general case and discussed the theory and design of synthesis filters for reconstruction. We have also addressed the conditions for the feasibility of perfect reconstruction and the efficient polyphase implementation of synthesis filters. 
